[6] The motor torque is a nonlinear function of the current magnitude and rotor position. The air gap reluctance between the salient stator and rotor poles varies with rotor position. Usually, these motors operate in the magnetic flux saturation region so that a higher torque to mass ratio is obtained. [7] A nonlinear mathematical model of the SRM can provide a better insight into the motor 'dynamics. The model can be used to formulate speed and torque control algorithms. Using the model, motor efficiency can be evaluated. Eventually, such models can lead to better SRM designs.
Finite elements have been used to form a nonlinear model. Uematsu used finite element analysis to compute the coenergy of the motor for various current levels and rotor angles.
[8] The flux linkage and motor torque are obtained by computing the slope of the coenergy with respect to current and rotor angle, respectively. This method is useful to design a SRM. However, more work will be needed to obtain the dynamic behavior of the motor.
A number of nonlinear SRM models have been developed using magnetics theory.
Faiz used a magnetic circuit concept to compute the SRM's mean torque. [9] Moallem used an improved magnetic equivalent circuit method to predict the performance of the SRM.
[10] Staton developed a unified theory of torque production in SRMs.
[ll] Also, Staton predicted the torque in a SRM using the flux-mmf diagram. [26] . Also, nonlinear models can be used in torque control as described in [27] . State observers can be developed from these models. [28] Also, simple nonlinear models can be used in the energy optimizing control strategy that is presented in [29] .
A simple nonlinear SRM model is developed in this paper. The flux linkage used is that measured from a motor in [19] . A special shape function is used to curve fit this data. Curve fitting is done by use of the method of steepest descent. [30] 
A. Model formulation
The simple nonlinear SRM model is developed in this section. First the SRM's flux linkage is measured. Such an example is shown in Fig A suitable flux linkage equation must be found so that it can be curve fitted to the measured flux linkage data. This equation must have certain properties: (1) zero slope at the stator pole axis of symmetry, (2) symmetrical about the stator pole axis, (3) integrable with respect to current, and (4) differentiable with respect to rotor angle. We have developed such an equation and name it the Chan Series. see (1) .
where cl n, c2,,, cgn, and c4,, are constants. The stator current is i and rotor angle is 8. Integer M is the number of such terms used to reduce the mean square error. Property 1 ensures that the motor torque is zero when both stator and rotor poles are aligned. Property 2 provides symmetrical ellectromagnetic characteristics. Property 3 allows the coenergy to be formulated by integrating the Chan Series with respect to the stator current, see (2). For 0 I i:
For i < 0:
(3) Property 4 ensures that a motor torque equation that drives the SRM can be obtained by differentiating the coenergy equation with respect to the rotor angle, see (4). Proof that the motor torque can be formulated in this manner from the coenergy of a nonlinear system is provided in secondary section B.
For 0 I i:
The above equation is valid when the rotor is polarized.
However, the SRM rotor is made of soft iron that does not become magnetized. Thus, the equation below should be used.
1
(6) The Chan Series is curve fitted to the flux linkage data that is measured in 1191. Curve fitting is done by use of the method of steepest descent, which is described in [30] or [31] . The current magnitude is related to the rotor position by a differential equation. This equation is formulated from the electric circuit of the stator coil, which is shown in Fig. 3 . . r 26.513 1
Next, the motor torque is formulated from the coenergy equation. Mapping of the flux linkage to current in (10) is rearranged to obtain a relation of flux linkage in terms of current.
Using (13), the coenergy equation is developed as follows: Comparing (16) to (12), we see that both motor torque equations are identical. Thus, the motor torque can be computed from the cotmergy of a nonlinear model. 
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A. Relations Between Formulated Equations
This section presents certain relations that exist 0.5 between equations of the nonlinear SRM model. Relation between the inductance, back emf coefficient, and flux linkage equations is shown in (1 7).
(1 7)
Using (17), the volume under the inductance surface is shown to be equal to the integral of the flux linkage equation in (18). This volume indicates the overall strength of the magnetic field at a given current level The above equations make up a simple nonlinear SRM model. Using this model, analysis of the motor is performed and presented in Section Ill.
jL(B,~)dl =IE(B,I)de = I(8,I)
and range of rotor angle, taking into account the effect of magnetic flux saturation. Note that the size of the SRM can be indicated based on the overall strength of the magnetic field. The computed volume under the inductance surface for the motor is 0.221 HA (Henry Ampere).
Likewise, the volume under the back emf coefficient surface equals the coenergy:
( 1 8) (19) The relation between (17) and (18) is obtained by integrating the inductance equation in (1 7) and back emf coefficient equation in (18) once more as shown in (20) and (21), respectively.
( 21 1 Equations (20) and (21) This torque emf motor relation is shown to be true by differentiating (4) to obtain the negative of (9). The significance of this motor relation is it links the mechanical motion to the generated electricity In practice, this relation is useful because the motor torque 
B. Proof of the inductance emf flux linkage motor relation
The inductance emf flux linkage motor relation shown in (22) is proved by use of the Chan Series. The volume under the flux linkage surface is:
where all and a12 are integration constants.
jjj L(O, i)didOdi
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[21n(l~4~-c4n') + (2 + a2,)i + aZ3 where a21, a22, and aB are integration constants. The computed value of (26) equals the volume under the flux linkage surface equation when az = aI 2, a21 = -1, and a23 = ai (f(E(0,i)dOdidO where a31, a32, and a33 are integration constants. The computed value of (27) equals the volume under the flux linkage surface equation when = -C3n, a33 = a12, and a32 = all.
Thus, the inductance emf flux linkage motor relation, shown in (22), is proved because (25), (26), and (27) are equal to one another.
IV. COMPUTER SIMULATION RESULTS.
A model of the active phase stator coil's current dynamics is formulated by rearranging (7) as follows: The plots show that both data sets are in good agreement with one another. The torque equations (4) and (6) are used to compute the torque valules in the chopping mode with the rotor speed at 900 rlmin and voltage limit of 500 V.
Plots of both chop current and torque profiles (model) are shown in Fig. 11 . Su,perimposed on this figure are the chop current and torque profiles (data) predicted in 
V. CONCLUSION.
A simple nonlinear SRM model has been developed using flux linkage data that is measured from the SRM and curve fit. A special 3 dimension shape function has been developed to curve fit this data. A few of these shape functions are added together to reduce the mean square error. This equation is called the Chan Series. A 5 term Chan Series is curve fitted to the flux linkage data using the method of steepest descent.
The computed average error is 0.004025. Other motor equations are obtained by mathematically manipulating the Chan Series: L( @,i), E( e,i), and torque. Also, 3 dimensional plots of these equations are presented.
Analysis of the nonlinear model revealed the following. Volume under the inductance surface indicates the overall strength of the magnetic field at a given current level and range of rotor angle, taking into consideration the effect of magnetic flux saturation. The computed volume under the inductance surface of the motor is 0.221 HA. Volume under the flux linkage surface indicates the energy level at a given current level over the range of rotor position considering the effect of magnetic flux saturation. The computed volume under the flux linkage surface of the motor is 1.775 WbA.
Two motor relations are shown: inductance emf flux linkage relation and torque emf relation. These two relations are proved using the Chan Series. The inductance emf flux linkage relation links the three motor parameters: inductance, back emf, and flux linkage. The torque emf relation is of practical use because the back emf can be computed from the measured motor torque. Volume under the coenergy surface indicates the motor's size taking into consideration the effects of magnetic flux saturation. The computed volume under the coenergy surface of the motor' is 8.66 JA.
Computer simulations of the nonlinear model in the chop, single-chop, and single-pulse modes are obtained. Plots of currents dynamics in these 3 modes are compared to those computed in [19] . The two data sets show good correlation to each other. Also, the torque profile of the motor when in the chop current mode is plotted. This profile is compared to that predicted in [19] .
The two profiles show good agreement to each other as well. Thus, a simple nonlinear SRM model has been developed.
